Based on results from the kindling model of epilepsy, we hypothesized that enhanced binding of radioligands to the NMDA receptor and decreased binding to the a-amino-3 hydroxy-5methyl-4-isoxazolepropionate (AMPA)-sensitive quisqualate (ASQ) receptor would be found within epileptic hippocampi of humans with complex partial epilepsy (CPE). To test these hypotheses, we used tissue that was surgically removed from patients with intractable CPE, and control tissue that was obtained at autopsy. We used autoradiographic techniques to measure ASQ receptor binding (with 3H-AMPA as the radioligand) and binding to 2 sites on the NMDA receptor/channel complex: the agonist recognition site (with 3H-glutamate) and the phencyclidine (PCP) binding site that resides within the NMDA channel in the presence of saturating concentrations of NMDA and glycine]. Measurements of receptor binding were corrected for pathologic alterations in neuronal density. Contrary to our expectations, ASQ receptor binding was significantly increased (100%; p < 0.02) in the dentate gyrus stratum moleculare in patients with CPE (n = 8), and it was unchanged in other hippocampal regions. In nearby sections from the same specimens, binding was significantly decreased to the agonist recognition site of the NMDA receptor in the stratum oriens of area CA3 (48%; p < 0.05) and was also decreased to the PCP site in the stratum radiatum and stratum oriens of CA3 (44% and 74%, respectively; p < 0.05). The increase in ASQ receptor binding may contribute to hyperexcitability in these epileptic patients. The decreased NMDA receptor binding may reflect an injured neuronal population, a selective loss of the most NMDA-sensitive neurons, or a homeostatic down-regulation of hyperexcitability by surviving neurons. Kindling does not appear to model CPE that is associated with mesial temporal sclerosis.
Excitatory amino acid (EAA) receptors may play a role in many neurologic diseases (Greenamyre et al., 1985; Meldrum, 1985; Fagg et al., 1986; Turnbull, 1987) including epilepsy. Increased involvement of the NMDA subtype of EAA receptors in excitatory synaptic function (Mody and Heinemann, 1987) and increased sensitivity of NMDA receptors (Morrisett et al., 1989) may underlie the kindling model of complex partial seizures. Biochemical studies of NMDA receptors in the hippocampus of kindled rats have shown increased binding to the phencyclidine (PCP) sites (Yeh et al., 1989 ) that likely reside within the NMDA-receptor-gated ion channel (Reynolds et al., 1987; Bonhaus et al., 1988; Huettner and Bean, 1988; Kloog et al., 1988; Hosford et al., 1990) . Similar increases were found in binding to the glycine and competitive antagonist 3-[+]-2-{carboxypi-perazin-yl}propyl-1 -phosphonic acid (CPP) recognition sites (Yeh et al., 1989) . In contrast, autoradiographic studies showed unchanged or even reduced binding to the agonist recognition site of the NMDA receptor (Okazaki et al., 1989) . Transiently decreased binding to the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-(AMPA) sensitive quisqualate (ASQ) receptor subtype of EAA receptor has also been demonstrated in the kindling model (Okazaki et al., 1990) .
Assuming that the kindling model reflects physiological changes relevant to complex partial epilepsy (CPE) in humans, we hypothesized that NMDA receptor binding would be increased in human CPE, whereas ASQ receptor binding would be decreased. We therefore studied hippocampal tissue that was surgically removed from patients with intractable CPE. Control hippocampal tissue was obtained at autopsy. We used a receptor autoradiographic technique to examine binding to ASQ receptors (Monaghan et al., 1984) and to 2 sites on the NMDA receptor: the agonist recognition site (Okazaki et al., 1989) and the PCP binding site Hosford et al., 1988 Hosford et al., , 1990 Yeh et al., 1989) . Because measurements were made in pathologically altered epileptic tissue, we corrected measurements of receptor binding for differences in neuronal density.
Portions of this work have been presented in abstract form (Hosford et al., 1989a,b) .
Materials and Methods
Bruin tissue. Eight patients with medically intractable complex partial epilepsy underwent resection of the anterior 5-6 cm of one temporal lobe (n = 6 males and 2 females; ages, l&IO yr; mean age = 23 ? 8 yr). A 5-mm-thick section of the resected tissue containing easily recognized dentate gyrus was immediately covered with Tissue-Tek OCT Compound and frozen with Freon. The remaining tissue was embedded in paraffin and processed for diagnostic neuropathologic analysis. Tissue was stored at -70°C until cutting. The anterior temporal lobe was removed at autopsy (postmortem intervals = 3, 4, 5, and 10 hr) from 4 patients who died from nonneurologic causes (n = 4 males; ages, 35-66 yr; mean age = 50 -+ 12 yr). This control tissue was frozen and stored exactly as described above. Epileptic and control tissue was sequentially brought to -18"C, cut into lo-rm-thick sections with a cryostat, thaw mounted onto acid-washed gelatin-coated glass microscope slides, and stored at -70°C until needed. Prior to preincubation, slides were placed at -18°C for 10 min, and then at 20°C for another 10 min. The sections were subjected to one of the receptor binding protocols described below.
'H-Lu-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) bindingprotocol. Sections from epileptic and control brains were preincubated twice for 15 min each at 4°C in 50 mM T&-acetate buffer (pH, 7.2) to promote removal of endogenous amino acids (Okazaki et al., 1990) . A 20-min incubation in the same buffer was performed at 4°C in the presence of 75 nM )H-AMPA (28 Ci/mmol; Amersham). Nonspecific binding was defined as the amount of 3H-AMPA binding obtained in the presence of 50 PM unlabeled AMPA. Specific binding was calculated as the difference in binding in the presence and absence of unlabeled AMPA. After incubation, sections were rapidly dipped twice into 50 mM Tris-acetate buffer, once into distilled H,O, and then once into 2.5% glutaraldehyde in acetone. Sections were quickly air dried (< 30 set) and were processed for autoradiography as described below.
NMDA-displaceable3H-glutamate bindingprotocol. Sections from epileptic and control brains were preincubated twice for 15 min each at 4°C in 50 mM Tris-acetate buffer (pH, 7.2; Okazaki et al., 1989) . A 20-min incubation in the same buffer was performed at 4°C in the presence of 75 nM 3H-glutamate (52 Ci/mmol; Amersham), 20 PM AMPA (To& Neuramin, Essex, England), and 5 PM kainic acid (Sigma). Nonspecific binding was defined as the amount of 'H-glutamate binding in the nresence of 250 ILM NMDA. Snecific binding was calculated as the difference in binding in the presence and absence of NMDA. After incubation, sections were washed and dried as described in the protocol for 3H-AMPA binding. Processing for autoradiography was performed as described below.
'H-N-{ I-[thienyl/cyclohexyllpiperidine (TCP) binding protocol. Sections from epileptic and control patients were treated as described previously Hosford et al., 1988 Hosford et al., , 1990 . Preincubation was carried out for 2 hr at 4°C in 50 mM T&acetate (pH, 7.2; Sigma) containing 0.1% formalin and 1 mM EDTA (Sigma), followed by 15 min at 30°C in identical preincubation buffer. Sections were then washed for 5 min at 20°C in 5 mM Tris-acetate (pH, 7.2) containing 100 NM EDTA. Incubation was performed for 5 min at 20°C in the same buffer, with the followina additions: 2 nM 'H-TCP (42-60 Ci/mmol: Amersham), 100 WM NMDA (Tocris Neuramin, Essex, England), and 10 PM glycine (Sigma). Nonspecific binding was measured by the inclusion of 10 PM phencyclidine (PCP, Sigma). Specific binding was calculated as the difference in binding in the presence and absence of PCP. Incubation was terminated by a quick dip in distilled H,O, followed by 2 5-min washes in 5 mM 7 .2) at 4°C. Sections were then rapidly dipped into distilled H,O and then into 2.5% glutaraldehyde in acetone. They were quickly air dried and processed for autoradiography as described below.
Exposure, development, and measurement of autoradiograms. Slides were apposed alongside tritium-labeled brain-paste standards to LKB 3H-Ultrofilm. Exposure occurred at -70°C for 4-6 weeks before development with Kodak D-19 and rapid fixer. A computer-based RAS/ RlOOO image analysis system (Loats, Inc.) was used to digitize the autoradiograms for analysis of regional optical densities. The identical sections used to generate the autoradiograms were then stained with cresyl violet, digitized with the image analysis system, and used for redirected regional sampling to ensure proper identification and unbiased analysis of the chosen hippocampal regions.
The full widths of the following dendritic regions were analyzed (see Fig. 1 ): a 0.09-mm2 portion of the suprapyramidal dentate gyrus stratum moleculare (DSM; designated superior DSM; mean width, 184 + 9 pm in sections from control brains and 187 rt 10 pm in sections from epileptic brains); a 0. lo-mm* portion of the dentate gyrus stratum moleculare that was 180" around the dentate granule cell (DCG) layer and hence was opposite the superior dentate stratum moleculare (designated inferior DSM; mean width, 239 * 22 pm in sections from control brains and 233 + 17 pm in sections from epileptic brains); 0.1 l-mm* portions of the stratum radiatum (mean width, 303 ? 41 Frn in sections from control brains and 258 ? 15 pm in sections from epileptic brains) and stratum oriens (mean width, 308 + 42 pm in sections from control brains and 282 + 2 1 urn in sections from enilentic brains) of area CA3; and 0. IO-mm2 portions of the stratum radiatum (mean 'width, 270 i 16 pm in sections from control brains and 253 + 16 pm in sections from epileptic brains) and stratum oriens (mean width, 201 f 14 pm in sections from control brains and 240 + 16 pm in sections from epileptic brains) of area CA 1. Specimens with mesial temporal sclerosis contained atrophic segments devoid of neurons, but the regions analyzed were deliberately chosen to represent segments with many intact neurons. Optical density measurements of the autoradiograms generated by the tritium standards allowed conversion of regional optical density measurements into molar units.
Determination of regional neuronal counts. To correct for pathologic alterations in the tissue, we counted the neurons that would likely contribute dendrites to the dendritic zones measured. Golgi analyses of the hippocampus [Lorente de No, 1934; Ram6n y Cajal, 1968 (translated) ] demonstrated that the apical dendrites of pyramidal and granule cells radiate perpendicular to the cell body layer and parallel to each other. We therefore counted neurons in that portion of the cell body layer directly beneath or above the dendritic zones in which receptor binding was measured. These neuronal counts were used to calculate a value of receptor binding per neuron. It is possible that the neuronal counts used for this analysis did not fully account for all neurons that contribute processes to the relevant dendritic zones. However, the magnitude of this error was probably equal in epileptic and control tissue, because the widths of the cell body layers and dendritic zones chosen for the analysis did not significantly differ in the 2 sets oftissue. For that reason, these neuronal counts allow meaningful comparisons between equivalent regions in the 2 sets of specimens. However, the values obtained by our procedure cannot be used to infer the overall extent of cell loss in these hippocampi and are not comparable to cell counts that were performed for this purpose (Mouritzen Dam, 1982; Babb et al., 1984; Mani et al., 1986) .
Neurons were counted under 137 x magnification in 3 50 x 250~pm areas at each site within the dentate granule cell layer and in 3 50 x 500~pm areas at each site within the CA 1 and CA3 pyramidal cell layers. Cells were counted as neurons only if they met 3 criteria: (1) the presence of a discrete cell body 2 10 wrn in diameter, (2) the presence of a discrete nucleus and cytoplasm, and (3) an approximately circular profile for dentate granule cells and a pyramidal profile for pyramidal cells. In pilot studies, similar regional neuronal counts were determined by both D.A.H. and B.J.C. (a neuropathologist). Pilot experiments disclosed identical mean neuronal counts regardless of whether the section counted was the first, middle, or last taken from a particular brain specimen; the first section from each brain specimen was used for all subsequent neuronal counting. This section was one of those used to measure receptor binding, as well.
Formulas to correct the neuronal counts for possible sampling errors (Konigsmark, 1969) were not used, because the size of neurons within equivalent cell body layers was not significantly different comparing sections from epileptic and control brains (data not shown). For that reason, use of the formulas would change neuronal counts in both epileptic and control specimens by the same degree. Therefore, use of these formulas would alter neither the magnitude nor the significance of any difference in receptor binding values of equivalent regions of epileptic and control sections.
The cell count that best represented the number of neurons contributing to the dendritic zone analyzed was calculated as follows for each site: First, the 3 values obtained after counting at each site were averaged to obtain a mean cell count. The total cell count adjacent to the dendritic zones analyzed was then computed by multiplying the mean cell counts by the following factor:
(lenath of dendritic zone analyzed) (width of cell body layer) (area of cell body layer in which mean cell counts were obtained)
The receptor binding measurements were divided by this corrected value of total cell counts. The resulting value has units of attomoles of binding per cell (1 attomole = 10-l* mol). This corrected value removed any bias from pathologic decreases in neuronal density.
Statistical analysis. The following analysis was performed separately for each of the 3 receptor binding sites measured. A 2-way analysis of variance (ANOVA) was performed across regions (columns) and between epileptic and control data (rows) to assess whether any differences in receptor binding were significant at the 0.05 level. Whenever a sig- e Neurons were counted in the cell body layers adjacent to the dendritic zones analyzed. Values are means + SEM for n = number of cases. The appropriate value for a particular region was used as the denominator for expression of receptor binding (Table 2) . hSee Materials and Methods and Figure 1 for details of superior and inferior portions of the DGC layer. nificant difference was found by 2-way ANOVA, a post hoc least-significant difference (LSD) test was used to define the particular region(s) causing the significant difference (p < 0.05) in receptor binding.
Results

Loss of hippocampal neurons
When compared to control material, regions chosen in the sections from epileptic brains were consistently observed to have lost a considerable number of neurons from the DGC layer and a smaller number from the CA1 pyramidal cell layer (Table 1) . The loss of granule cells (54%) was similar to that obtained in other studies of human mesial temporal sclerosis (Mouritzen Dam, 1982; Babb et al., 1984; de Lanerolle et al., 1989; Masukawa and O'Connor, 1989) . The less dramatic loss of CA 1 pyramidal cells (29%) is explained by the purposeful selection (for analysis and for counting) of segments of CA1 that were not completely devoid of neurons. The overall magnitude of CA1 neuronal loss in these specimens was considerably greater than 29%.
AMPA-sensitive quisqualate (AS@ receptor binding The regional pattern of ASQ receptor binding in both epileptic and control human hippocampi (Fig. 1 ) was similar to that obtained in the rat hippocampus (Monaghan et al., 1984; Okazaki et al., 1990) and in the postmortem human hippocampus (Jansen et al., 1989) . The ASQ receptor binding within human hippocampi with mesial sclerosis was significantly elevated in the DSM (91-108% increase; p < 0.02) compared to controls (Table 2 ). There was a trend toward increased ASQ receptor binding (13%) within the DSM even when the measurements were not corrected for pathologic alterations of neuronal density.
NMDA receptor binding
The regional distribution of NMDA-sensitive 3H-glutamate binding (Fig. 2) was similar to that obtained in the rat hippocampus (Monaghan and Cotman, 1985; Maragos et al., 1988) and in the postmortem human hippocampus (Jansen et al., 1989) . NMDA receptor binding was significantly reduced in the stratum radiatum of hippocampal area CA3 in sections from epileptic patients (46%; p < 0.02; Table 2 ). Significant reductions in area CA3 (29-42%; p < 0.02) were apparent even when measurements were not corrected for the minor alterations in neuronal density observed in this region.
The binding of 3H-TCP to the PCP binding site within the NMDA-receptor-gated ion channel gave results that were qualitatively similar to those obtained for the agonist recognition site. The regional distribution of )H-TCP binding resembled that reported in the rat hippocampus (Hosford et al., 1988 (Hosford et al., , 1990 Maragos et al., 1988) and in the postmortem human hippocampus (Janseti et al., 1989; McGonigle et al., 1989) . Epileptic specimens had significantly less (44-74%; p < 0.05) 3H-TCP binding within the stratum radiatum and stratum oriens of hippocampal area CA3 (Table 2) . Decreased 3H-TCP binding within CA3 (26%) was apparent even when measurements were not corrected for alterations in neuronal density. The regions showing decreased 3H-TCP binding to the NMDA-receptor-gated ion channel were identical to the regions showing decreased 3H-glutamate binding to the NMDA receptor agonist recognition site. Discussion Two significant findings emerge from our data: First, there was a significant increase in ASQ receptor binding in the dentate gyrus of epileptic hippocampi with mesial sclerosis. Second, binding to the NMDA receptor agonist recognition site and PCP binding site was significantly reduced in hippocampal area CA3 of epileptic patients with mesial temporal sclerosis. These findings differ from those obtained in the kindling model. Possible confounding factors within the study The central issue is whether the receptor binding measurements are free from distortion imposed by pathologic loss of neurons in the epileptic hippocampi. Because Golgi analyses show that the cell body layers contribute processes to the adjacent dendritic Figure I . )H-AMPA binding in control and epileptic human hippocampus. Shown in the top row, from left to right, are a Nissl-stained section from a control hippocampus, an autoradiogram of the same control section incubated with 3H-AMPA (total binding), and an autoradiogram of an adjacent section from the same control specimen, incubated with both 'H-AMPA and unlabeled AMPA (nonspecific binding). The regions analyzed include superior (s) and inferior (i) portions of the DSM, and the stratum radiatum (r) and stratum oriens (0) of hippocampal areas CA3 and CAl. The DGC is also indicated for orientation. The black rectangles indicate the areas analyzed in each dendritic zone; cell counts were obtained in the cell body layers adjacent to these areas. The second row contains sections from an epileptic hippocampus with mesial temporal sclerosis, incubated with the same solutions and stained in the same manner as described above. Mesial temporal sclerosis (Ammon's horn sclerosis) is evident from the loss of neurons in the DGC and area CA1 (see Table 1 ). The black arrow in the epileptic stratum moleculare marks significantly increased ASQ receptor binding (see Table 2 ).
zones, we determined the number of neurons in an area directly above or beneath the dendritic zones measured and used this value as the denominator to correct all measurements of receptor binding. Within the portions of the hippocampi analyzed, there were no significant differences between sections from epileptic and control patients in the diameters of neuronal somata or in the widths of the somatic layers. The neuronal counts used to correct the measurements of receptor binding thus permit a valid comparison of equivalent hippocampal regions in the 2 sets of specimens. Tissue shrinkage is another potential artifact that could alter the measurements of receptor binding. An additional finding demonstrates that shrinkage did not affect our measurements. There was no significant difference in the widths of dendritic regions chosen for analysis in sections from epileptic and control brains, proving the absence of tissue shrinkage within the portions of the dendritic zones analyzed. Thus, our method of correction accounted for neuronal loss and was unaffected by tissue shrinkage, permitting a meaningful comparison between regions from epileptic and control brains.
The age difference between the epileptic and control subjects is another factor of our study. Mani et al. (1986) found a 15% decrease in pyramidal cell density in hippocampi from nonepileptic patients between the ages of 25 yr (the mean age of the epileptic patients) and 52 yr (the mean age of the control patients). However, our calculation of receptor binding per neuron corrects for any age-dependent neuronal loss. Another possible concern is an age-dependent reduction in NMDA receptor binding. Even if NMDA receptor binding declines with age, as suggested by studies from rodents , this factor would not explain the significantly greater NMDA receptor binding in the older control group compared to the youngex, epileptic group. Finally, a gradual decline of ASQ binding with age would have explained a global decrease in ASQ binding in the older control group compared to the younger epileptic group. However, the decreased ASQ binding in the older control group was selective for the DSM and was not significantly changed from the younger epileptic group in other regions. Thus, for aging to explain the decreased ASQ binding in control material, its effect would have to be confined to DGCs. Although this seems unlikely, a final judgment awaits the study of nonepileptic material from younger patients.
Control and epileptic patients also differed in the method of tissue procurement (surgical vs. postmortem). It is conceivable that the prolonged postmortem interval might itself have modified ligand binding. However, analyses of the rat brain demonstrated remarkable stability of NMDA receptor binding, despite prolonged intervals between death and freezing of the tissue (Table 1) . Black arrows in the stratum radiatum and stratum oriens of CA3 of epileptic hippocampus mark significantly increased NMDA receptor binding (Table 2) . (Geddes et al., 1986) . Furthermore, in preliminary experiments, we demonstrated that the addition of NMDA and glycine to the incubation buffer enhanced basal 3H-TCP binding to the NMDAreceptor-gated ion channel by 100% in tissue obtained from both control and epileptic patients. This similarity in the degree of NMDA and glycine stimulation of 3H-TCP binding suggests that our postmortem intervals did not alter the integrity of the NMDA receptor.
Epileptic patients differed from control patients in their anticonvulsant treatment and in their surgical anesthesia. These potentially confounding factors would be expected to produce similar effects in all regions. Therefore, the regional selectivity of the receptor binding changes reduces the likelihood that administration of anticonvulsants or anesthesia can explain our findings.
Finally, this comparison assumes that ASQ and NMDA receptors are expressed predominantly by neurons in both control and epileptic brains. However, astrocytes in culture can express ASQ receptors (Glaum et al., 1990) . The possible contribution of astrocytic receptors to our results requires further investigation.
Possible significance of increased ASQ receptor binding Several cellular and/or molecular changes associated with epilepsy could account for the selective increase in ASQ receptor binding in the DSM. Increased binding could reflect a selective sparing of neurons that express a greater than average share of ASQ receptors. However, though electrophysiologic evidence suggests that NMDA and quisqualate/kainate receptors are localized at the same synapses (Bekkers et al., 1989) , we found no selective increase in NMDA receptor binding in parallel with the increased ASQ binding. Taken together with the lack of evidence for populations of granule cells that are heterogeneous for NMDA and ASQ receptors, these data suggest that the selective increase in ASQ receptor binding probably cannot be explained by selective sparing. The increased ASQ receptor binding could reflect either an increased number of functional receptors or an increased affinity for the ligand. The precise reason is unknown, because only a single concentration of radioligand was used. In either case, the increased binding could be associated with an increased sensitivity to synaptically released transmitter. These measured changes in ASQ receptor binding are in a dendritic zone that normally receives fibers mainly from the entorhinal cortex. However, aberrant sprouting of mossy fibers (DGC axons) into this region has been observed in patients with CPE (Babb et al., 1989; Represa et al., 1989; Sutula et al., 1989; Houser et al., 1990) and in animal models of epilepsy (Tauck and Nadler, 1985; Sutula et al., 1988) . Both of these pathways are presumed to operate through the action of glutamate on quisqualate receptors (Cotman and Monaghan, 1986) . The increased excitatory input that may result from mossy fiber sprouting, together with the increased ASQ receptor binding that we measured, could dramatically heighten the excitatory effects ofneurotransmitter released after perforant path activation in these epileptic hippocampi. Because the granule cells normally act to dampen high-frequency firing through hippocampal pathways (Collins et al., 1983) , these modifications within epileptic hippocampi may participate in the initiation and/or propagation of seizures in these patients. It should be noted that our findings are relevant mainly to the preserved "islands" of tissue in an otherwise sclerotic temporal lobe, because hippocampal regions with few neurons were excluded from the analysis. Physiologic measurements within the sclerotic temporal lobe would be required to determine whether the increased ASQ binding in regions still heavily populated with neurons is functionally significant. Indirect evidence that these data may have functional significance is provided by the improved seizure control after temporal lobectomy. It would also be useful to determine whether ASQ receptor antagonists are effective anticonvulsants in this group of patients.
Possible significance of decreased NMDA receptor/channel binding NMDA receptors normally play a role in high-frequency but not low-frequency neurotransmission (Fagg et al., 1986) . They are especially important in the genesis of seizures (Croucher et al., 1982) and of kindling . Thus, the decreased NMDA receptor binding in area CA3 of hippocampi with mesial temporal sclerosis may represent a homeostatic attempt by surviving neurons to reduce their susceptibility to seizures that depend on the activation of NMDA receptors. A less likely explanation is that mesial temporal sclerosis is accompanied by selective loss of the most NMDA-sensitive neurons, perhaps the neurotoxic result of excessive firing of afferents using neurotransmitters that activate NMDA receptors. Our failure to detect a loss of neurons within the portion of area CA3 sampled from the epileptic hippocampus argues against this latter hypothesis.
The affected hippocampi in 6 of the 7 epileptic patients studied with positron-emission tomography (PET) before surgery were hypometabolic (R. A. Radtke, personal communication). It is possible that the decreased NMDA receptor binding that we measured in these hippocampi had a functional consequence that contributed to the hypometabolism observed. Alternatively, the atrophic segments of these hippocampi may alone be sufficient to explain the hypometabolism observed with PET.
Comparison with other studies Interestingly, the increased ASQ receptor binding described here is reminiscent of increased quisqualate-receptor-mediated synaptic responses (Kauer et al., 1988; Muller et al., 1989) and increased quisqualate receptor sensitivity (Davies et al., 1989) that have been found in hippocampal long-term potentiation (LTP), a model of learning and memory. It is possible that similar molecular mechanisms may underlie both LTP and CPE in cases of mesial temporal sclerosis.
However, the alterations in EAA receptor binding in intractable CPE are in sharp contrast to the alterations in receptor binding (Yeh et al., 1989; Okazaki et al., 1989 Okazaki et al., , 1990 ) and receptor-mediated function (Mody and Heinemann, 1987; Morrisett et al., 1989) identified in the hippocampus of kindled animals. One major difference between the hippocampus of patients with CPE and the hippocampus of kindled rats is that obvious neuronal degeneration is present in CPE but not in kindling. Kindling may be more relevant to human epilepsy cases in which a focal lesion outside of the hippocampus triggers the seizures with minimal or no destruction of hippocampal neurons.
A recent study of EAA receptor binding in the human epileptic hippocampus by Johnston et al. (1989) included some specimens with mesial temporal sclerosis and others with tumors but without overt loss of hippocampal neurons. The subgroup with mesial temporal sclerosis exhibited a reduction of NMDA channel binding in subfields of area CA4 (M. Johnston,, personal communication) , an area not measured in our study but near area CA3, where we also measured reduced NMDA channel binding. Interestingly, the subgroup with tumors exhibited significantly increased NMDA receptor binding within area CA4 (Johnston et al., 1989) . These differences underscore the heterogeneity of medically intractable CPE. They suggest that a given animal model may mimic a subpopulation of epilepsy cases, but that different stages of the same model or different models will be required to fully understand the diversity of this patient population.
